The model suggests that the Frenkel pairs formed by ion impact produce submicroscopic clusters of vacancies and interstitials which are stable up to about 900°K. Upon heating to a higher temperature the smallest interstitial clusters emit mobile interstitials and/or the vacancy clusters emit mobile vacancies. The larger clusters grow and convert to dislocation loops. Vacancy loops shrink and disappear; interstitial loops grow because of the excess of interstitials. The total area per unit area of interstitial loops remaining after a high temperature anneal above llOOOK corresponds to the number per unit area of the implanted atoms. The implication of this is that for vacuum and dry *This work was supported by the U. S. Department of Energy through the Molecular and Materials Research Division of the Lawrence Berkeley Laboratory. **Based in part on thesis work done to obtain the degree of Doctor of Philosophy at the University of California, Berkeley.
INTRODUCTION
Although much theoreticall,2 and experimental3-6 work has been done describing primary defects in ion-implanted silicon, there is not a clear description of how these primary defects evolve to produce the secondary defects which are observed when the implanted crystals are annealed. Previously proposed models are unsatisfactory. They often have been based on the observations from one instrumental technique, e.g., electron and nuclear paramagnetic resonance (EPR,NMR),3 infrared absorption (IR),4 resistivity,S channeling and Rutherford backscattering (RBS).6 Thus these techniques apply to a very limited part of the annealing range. For instance, the Rutherford backscattering and channelling techniques are extremely sensitive in the 300 to 800°K annealing region, but are insensitive above 900°K, where crystallinity is largely restored and the remaining defects are mostly in the form of dislocation loops and stacking faults. EPR and NMR3 detect only electrically active defects and are insensitive to the neutral silicon self-interstitial. Resistivity and carrier concentration measurementsS are indirect because they average several different effects of point defects including their mobility, lifetime and total number. No model has been proposed that is consistent with the recently published information on point defects in silicon. [7] [8] [9] In this paper a three-stage model for the evolution of secondary defects in ion-implanted silicon is proposed, assuming that the incoming ions produce a large number of Frenkel pairs. The steps required to evolve this primary defect distribution into the observed secondary defects are outlined, and experimental evidence to support the -2- hypotheses is presented. The model is then compared to those previously proposed. The doses considered for this model are all below the critical dose (De), so the primary damage clusters do not overlap. This lower value was chosen to ensure that a continuous damaged layer was not formed. Samples were isochronally annealed between 700 to 1100°K for times between 15 to 30 min. Annealing was done in both vacuum and in dry nitrogen with no significant differences observed. Samples were chemically thinned for electron microscopy. Upon further annealing in the range 900 to 1100°K these pr~mary defect clusters are replaced by secondary defects, resolvable by electron microscopy. A weak beam image of a p+ ion--implanted silicon foil annealed to 1100°K is shown in Fig. 3 . The regular hexagonal shapes of the Frank loops shows that they were still growing at the end of the annealing treatment. The loops lie on all four llllJ planes. These Frank loops are always found to be interstitial type.l4,15
In order to estimate the number of point defects required to form all the loops, the sizes and the numbers of the loops were obtained from weak-beam images. For an 1100°C 15 min anneal, the average loop diameter was found to be 300A, which corresponds to • . . This process can take place by a vacancy or an interstitial mechanism.
Two effects are expected to operate which would result in the formation of the observed interstitial de"fects: First, the dislocations preferentially attract interstitials because of their large strain fields. As a result if any point defects are lost by diffusion away from the damaged layer, a vacancy loop will attract slightly more interstitials than vacancies and shrink. An interstitial loop on the other hand will grow. Second, and more importantly, if the dose is below De and the integrity of the crystal is never destroyed, there is a net excess of silicon interstitials when the dopant atoms have all become substitutional. Examination of the diffusion data shows that the dopant atoms (P, B or As) are relatively immobile in this temperature range. Therefore they must find substitutional sites rather close to where they come to rest.
It is proposed that the combination of these two effects eliminates all the vacancy defects before they grow to a size that can be studied by electron microscopy. The density and sizes of interstitial loops observed are consistent with this model. The essentials of the model are summarized in Fig. 4a . Figure 4b shows how the regions delineated by electron microscopy and resistivity measurements5 and point defect studies8,9 compare with each other.
It is interesting to note that in the region 300-500°C where important crystalline reorganization occurs the mobile point defects cannot be identified by resonance or other measurements.
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DISCUSSION
We have presented a model for the formation of secondary defects Ln ion-implanted silicon in which both interstitial and vacancy clusters play a significant role. This is in contrast to those previously proposed in the literature which emphasize one or the other type of point defect. Our model applies to doses less than the critical dose De, where the integrity of the crystal is never destroyed.
An important assumption of the model is that for vacuum and dry hitrogen anneals, all the repair processes are confined to the damaged layer, which is about 3SOA thick buried about lOOOA from the surface, and that there is almost no migration of point defects to or from the surface. This hypothesis is consistent with the experimental results of Tamura,l9 who shows that by annealing in an oxidizing atmosphere, such that vacancies do migrate to the surface,20 the secondary defects are drastically affected. Although he has made no quantitative estimates, we expect that under these conditions the number of interstitials Ln the defects would be larger than the number of implanted atoms.
Several significant conclusions follow if, we assume that in
Stage I and Stage II the point defect motion is largely confined to a 350A thick damaged layer. The distance moved by the interstitial and by the vacancy, in Stages I and II calculated by using the value of the migration energy alone, is found to be several microns. The contradiction with the assumption is removed if we assume that in Stage I the annihilation of Frenkel pairs, involving very short range diffusion, is the dominant process. In Stage II we assume that numerous clusters are present and that defects still migrate primarily from cluster to cluster. Notice the fine speckles which are interpreted as clusters, giving rise to the streaking and the six extra 111 spots in the diffraction pattern, Fig. l(b) . The diffraction pattern also shows the aperture used to obtain the dark field image. XBB 747-4767 ' " n.
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